In this work, the superheating of Ag nanowires was studied by molecular dynamics (MD) simulations at the atomic level. The simulation results showed a superheating of about 193 K for Ag nanowires coated by Ni. This is because of the suppression on the melt nucleation and growth due to the epitaxial Ag/Ni interface. These computer experiments reveal a possibility to elevate the instability temperature against melting for nanowires of increasing microelectronic technological interest. Also, a thermodynamic model was constructed to describe the superheating mechanism of the Ag nanowires by considering the Ag/Ni interface free energy. It was found that the nucleation and growth of the melt phase are both suppressed by the low energy Ag/Ni interfaces in Ni-coated Ag wires. The suppression of melt growth is crucial and plays a major role in the process of melting. The thermodynamic analysis gives a quantitative relation of superheating with the Ag wire radius and the contact angle of melting.
I. INTRODUCTION
The behavior of solids with nanometer dimensions is one of the most active fields of materials science [1] [2] [3] . Also, more and more low-dimensional materials have found applications in modern microelectronic industry; their stability against melting is becoming one of the major concerns in further development and applications of this new materials family. However, the melting points of low-dimensional solids, such as nanoparticles, thin films and nanowires, are considerably reduced relative to the equilibrium melting point (
[γ sv − ( ρs ρv ) 2/3 γ lv ]) of bulk solids [4, 5] . This is mainly because the average liquid-vapor interface free energy, γ lv , is generally lower than the average solidvapor interface free energy, γ sv . Therefore, when a dimension of a solid is reduced, more surfaces and interfaces are provided. So the heterogeneous nucleation of the melt may take place easily and the melting temperature T m decreases as a consequence.
Recently, superheating of metal particles has been experimentally achieved in a number of metal systems [6] [7] [8] , due to the particles being coated by (or embedded in) a high-T b m metal with an epitaxial particle/matrix interface. The molecular dynamics (MD) simulation results [9, 10] also agree well with data of these experiments, showing the superheating of coated particles. Zhang et al. [11] for the first time observed the superheating in Pb thin films confined by Al films.
Nanowires attracted the interest of scientists because of their novel electronic and mechanical properties. However, to our knowledge, there is yet no theoretical or experimental study showing superheating in nanowires, perhaps because of the practical difficulty in observing the superheating of nanowires. Can nanowires be superheated? The MD simulation has become a very important technique for studying such systems, which are difficult to realize in experiments. In the field of superheating, the MD simulation results have shown good agreement with the experiments of melting of particles [9, 10, 12] . In this paper, we use the MD technique to simulate the melting and superheating behavior of silver thin wires coated by nickel. The simulation results showed that the Ag thin wires in such system can be superheated to a metastable state.
II. COMPUTATIONAL PROCEDURE
In these MD simulations, a model of silver thin wires is constructed such that the Ag wire is coated by nickel in a "cube-on-cube" orientation, that is Ag[100]//Ni[100], Ag[110]//Ni[110], and so on. Thus, the coated wires is comprised of two parts: a Ag core and a Ni coating. An initial configuration of the coated Ag wire sample is shown in Figure 1 , which shows the top and lateral cross section views of the wire. The wire axis z direction is (110) oriented. The cross sections of the Ag wires are generally octagonal or hexagonal and the cylindrical Ag/Ni interfaces are mainly composed of (111) and (100), sometimes also small (110) facets. The lengths of all the wires were adjusted to 36 (110) layers of Ag spacing, repeated by periodic boundary conditions (PBC) along the wire axis z. The outer cylindrical surfaces of Ni are free.
An embedded atom method (EAM) potential [13] [14] [15] was chosen to describe the interactions of pure Ag or pure Ni atoms, which is popularly used in MD simulations. In the EAM, the total energy of an N-atom system has the form
where ϕ ij (r ij ) is the pairwise potential part between atom i and atom j, F i (ρ i ) is the embedding energy of atom i with the electron density ρ i due to all its neighbors. For a binary Ag-Ni alloy, commonly the pairwise potential between different species of Ag and Ni atoms ϕ AgN i is assumed to be a mathematical or geometrical average function of the monoatomic potential [18, 19] . We calculated ϕ AgN i with the mathematical average method
where ϕ AgAg (or ϕ N iN i ) is the pairwise potential for a pure Ag (or Ni) atom. The parameters of the above potential for Ag atoms and Ni atoms are chosen as proposed by Mei et al. (1991) . Using the phase coexistence method [17] , the equilibrium melting point of pure bulk Ag crystal T b m is calculated with samples of different orientations of a Ag crystal (e.g., along the (110) and (111) directions ). The calculated T b m value is found to be about 1230 K, which agrees well with the experimental equilibrium bulk-melting point 1234 K.
A standard adiabatic MD procedure based on the fifth-order predictor-corrector algorithm was used to study the melting of Ag thin wires. The MD runs were performed to investigate the melting process of coated Ag thin wires. For example, a 10178-atom wire consisting of 2394 Ag atoms and 7784 Ni atoms was studied. Its initial fcc configuration was first relaxed by simple quenching, followed by an annealing cycle at room temperature to check its stability. The wire was equilibrated at temperature T =300 K by MD runs of 30000 steps (i.e., 54 picoseconds), with the time step being ∆t=1.8×10 −15 seconds. The radius of the Ag core part is R Ag ≈ 16.4Å. The radius of the total wire (including the Ag and Ni part) is about R ≈ 28.6Å. A semi-coherent Ag/Ni interface was formed between the Ag and Ni lattice. The thickness of the Ni coating should be enough to keep the Ni solid when the Ag core part melted. In all of the following simulations, the Ni coating did not melt, it was kept in the solid state all the while.
After equilibrating, the temperature was elevated from 300 K to 1000 K, with a temperature step of 20 K by MD runs of 20,000 time steps (i.e., 36 picoseconds). In proximity of the melting temperature T m the temperature step was reduced to 5 K, and an equilibration of 10000 time steps (18 picoseconds) was used at each temperature step. The adiabatic MD simulations guaranteed maintaining a constant total energy at that temperature.
For comparison, the melting behavior of the free silver nanowires (without Ni coating) was also simulated to verify the validity of our MD simulations. The same simulation schedule and MD runs were performed for the uncoated free Ag wires.
III. SIMULATIONS RESULTS AND DISCUSSION
The variations of the average potential energy per Ag atom with temperature are plotted in Figure 2 for both the Ag wires with and without a Ni coating; they are referred to as the E p − T curves of the wire. For both the wires a linear temperature-dependence with positive slope can be seen before the phase transition. The average potential energy of the Ag atoms is considerably smaller in the Ni coated wire than in the uncoated free Ag wire, because of the high energy surface in free Ag wires. However, the E p − T slopes for both the curves (before phase transition) are nearly equal, which is related to the heat capacity c(T ) of the Ag wire. As the temperature increased further, a phase transition occurred within a very narrow temperature range with a sudden jump in the E p − T curves. This is a typical feature of a first-order transition, i.e., melting.
For clarity, the melting point of the Ag wires is defined as the middle point of the transition range. The melting process of the uncoated free Ag wire (just removing the Ni coating) was also simulated. From Figure 2 , we noticed that the melting temperature of the uncoated free Ag wire is T ≈ 1085 K and below the equilibrium bulk melting temperature T b m = 1230 K, meanwhile the melting temperature of the coated Ag wire is T ≈ 1423 K and is higher than T b m . That is to say, the coated Ag wire was superheated in this MD simulation. The superheating is about 193 K for the coated Ag wire with R Ag ≈ 16.4Å.
As indicated in Figure 2 , the free thin Ag wire melts at a temperature T m (R), which is lower than the bulk melting temperature. And the thin Ag wires with Ni coating can be superheated beyond the equilibrium melting point T b m of the bulk solid. The confinement of the Ag/Ni interface provides a lower free energy interface than the free Ag surfaces. The heterogeneous nucleation takes place with more difficulty at the Ag/Ni interface than at the free Ag surface. However, at the same time, the mismatch of the Ag and Ni lattices also created high energy defects in the Ag core part near the interface, where the heterogeneous nucleation generally originated.
The atomic configurations of the coated Ag wires were checked at different temperatures, especially during the melting transition. The different cross-section snapshots of the coated Ag wire are shown in Figure 3 (a) to (f). The temperature changes from 1410 K to 1421 K, 1427 K, while the average potential energy of the Ag atoms changes from -2.2 to -2.7, -2.6 eV, respectively. It is found that it is difficult for melting to occur in the interface of Ag/Ni. This is different from the surface premelting of the uncoated free Ag wires which easily happened below T b m . Figure 3 shows that the melting began from the defects. Atoms of the outer most Ag layer were mainly and strongly interacting with Ni atoms, and the atoms of the outer Ag (100) facets formed a semi-coherent relation with the Ni atoms. The second outer Ag (100) planes interact also with the inner Ag atoms which remain in the Ag lattice structure.
At the beginning of melting, as shown in Figure 2 (a) and (b), the visible liquid nucleation was formed inside the Ag core part at the temperature 1410 K.
For a coated wire with a semi-coherent interface, the energy of the interface is lower than that of a free-surface Ag wire. The low energy interface suppressed the melt nucleation at the Ni/Ag interfaces. It also creates high energy defects near the interface because of the mismatch of the Ag and Ni lattices, where the heterogeneous nucleation might be formed. And when it gained enough driving force, the subsequent growth of those nuclei occurred. This melting mechanism is different from that of free wires, which have surface premelting at any temperature.
When the temperature was further increased, the growth of the liquid nuclei is observed propagating to the whole wire, as showed in Figure 3 (c) and (d). This growth of the liquid phase was also suppressed by the Ag/Ni interface, meanwhile the Ag atoms (at one or two outer layers of the Ag(111) or (110) plane) near the Ag/Ni interface still remain in the lattice at higher temperatures, even at the end of the melting process. This can be seen in Figure 3 (c) to (f). Figure 3 (e) and (f) show the end of melting at the temperature 1427 K. The Ag/Ni interface has an important effect on the growth of the liquid phase. So the growth suppression played an important and critical role for the melting. It may determine the upper limit of the melting point in this case.
The obvious suppression effects of the Ag/Ni interface on the melt growth of Ag show a clear and reasonable mechanism of superheating in lots of low-dimensional materials at the atomic level. It is difficult to observe directly in practical experiments, but it can be seen in the MD simulations which adopted a classical EAM potential for the atoms' inter-action. And we need no more new consumption or parameters to explain this superheating phenomenon. This mechanism also agrees with the findings of other works [10, 11] .
In Figure 2 , we also see a melting process with a gradual changing in state within a range of temperatures from 1410 K to 1427 K. The melting transition happened not so sharply. This may have a relation with continuous melting [20] .
The nucleation and growth are both suppressed by the Ag/Ni interfaces in the coated thin wires, but the suppression of melt growth is critical. In addition, the unavoidable high energy defects in the coated Ag wire can provide the sites for melt nucleation. This is also different from the surface premelting of free Ag wires. Surface melting exists at any temperature for free wires.
Using a classical potential function, we provide an atomic level picture which showed superheating in low-dimensional materials and revealed that the mechanism lies in both the suppression of heterogeneous nucleation and the growth of the liquid phase.
IV. THERMODYNAMIC MODEL
The interface suppresses the growth of the liquid phase, thus resulting in superheating, and may determine the limit of superheating. In Figure 3 , we can see the melting initiated from the defects and the distortion of the lattice in the Ag part. In the MD simulation, it is clearly seen that the superheating is due to the epitaxial semi-coherent Ag/Ni interfaces.
The melting of a solid is a kinetic process consisting of nucleation and growth of the molten phase. As proven by experimental studies and computer simulations, nucleation of Ag melt at the epitaxial Ag/Ni interface could be suppressed [10, 11] . Even though the suppression of melt nucleation plays a dominant role in achieving superheated small particles, nucleation of the melt may not be efficiently prevented due to various kinds of defects, and the growth of the molten phase might be greatly suppressed by the special confinement due to the semi-coherent Ag/Ni interfaces. Suppression of growth of the molten phase plays a dominant role in the superheating of coated thin wires. This is consistent with that in the confined thin films [11] .
For a coated thin wire, a phenomenological method was used to describe the thermodynamic origin of the superheating. We considered the interface energy and equated the Gibbs free energies of the solid with that of the liquid at the melting temperature. A schematic illustration of the interfacial condition for the growth of Ag liquid is shown in Figure 4 . The melt front interface should be curved due to the confinement of the interface and
where the melting angle θ is less than 90 o when γ sm < γ lm , γ sm is the interfacial energy of solid Ag with solid Ni matrix, γ lm is the interfacial energy of liquid Ag with solid Ni matrix, and γ sl is the Ag solid-liquid interfacial energy. The driving force (∆G) for growth of a melt droplet comes from the Gibbs free energy change due to the solid to liquid transition. In order to overcome the interfacial energy difference, ∆γ = γ lm − γ sm , during the growth of a melt, an excess work ∆W = 2∆γ must be done to maintain the critical driving force per unit Ag/Ni interface area, which will result in an elevation of the melting point ∆T = T m (R) − T b m . Thus the liquid phase grew with the elevating temperature as far as it can overcome the barrier made by the confinement of the Ag/Ni interface. So the melting process continued, otherwise the propagation of the liquid phase would stop.
Based on the thermodynamic analysis [11] , the superheating (∆T ) for a thin wire can be obtained via the equation
where ρ s and ρ l are the solid and liquid densities, L v is the bulk latent heat of a unit volume of Ag. Upon neglecting the difference between ρ s and ρ l, we get
From Equation (2) or (3), we can see that superheating increases with a decreasing radius R. For the uncoated free thin wires, Gulseren et al. (1995) obtained a relation for the melting temperature T m (R) with the wire radius R:
In the uncoated wire, there is a free surface and the contact angle θ = 0. In this case, surface premelting played a major role in melting. Equation (4) approximately described a relation of decreasing melting temperature with decreasing radius R and no superheating was found for the free metal wires. Also, Equation (4) shows that there is a critical radius R c corresponding to T m (R c ) = 0, below which the solid wire is not stable. People found both experimentally and theoretically that the low-dimensional metals (e.g., particles and thin films) can be superheated if the metals are coated by a high melting temperature metal with an epitaxial relation. In this MD simulation, it is seen that for the first time Ag nanowire can also be superheated, because the semi-coherent Ag/Ni interface increased the melting temperature. growth is critical and plays a major role. The thermodynamic analysis gives a relation of superheating with the wire radius R. It was shown that the superheating of coated wires increases with decreasing R. 
